Click chemistries have been investigated for use in numerous biomaterials applications, including drug delivery, tissue engineering, and cell culture. In particular, light-mediated click reactions, such as photoinitiated thiol−ene and thiol−yne reactions, afford spatiotemporal control over material properties and allow the design of systems with a high degree of user-directed property control. Fabrication and modification of hydrogel-based biomaterials using the precision afforded by light and the versatility offered by these thiol−X photoclick chemistries are of growing interest, particularly for the culture of cells within well-defined, biomimetic microenvironments. Here, we describe methods for the photoencapsulation of cells and subsequent photopatterning of biochemical cues within hydrogel matrices using versatile and modular building blocks polymerized by a thiol−ene photoclick reaction. Specifically, an approach is presented for constructing hydrogels from allyloxycarbonyl (Alloc)-functionalized peptide crosslinks and pendant peptide moieties and thiol-functionalized poly(ethylene glycol) (PEG) that rapidly polymerize in the presence of lithium acylphosphinate photoinitiator and cytocompatible doses of long wavelength ultraviolet (UV) light. Facile techniques to visualize photopatterning and quantify the concentration of peptides added are described. Additionally, methods are established for encapsulating cells, specifically human mesenchymal stem cells, and determining their viability and activity. While the formation and initial patterning of thiol-alloc hydrogels are shown here, these techniques broadly may be applied to a number of other light and radical-initiated material systems (e.g., thiol-norbornene, thiol-acrylate) to generate patterned substrates.
Introduction
Click chemistries are increasingly used in the design of materials for numerous biomedical applications, including drug delivery, tissue engineering, and controlled cell culture, owing to their selective, efficient, and often cytocompatible reactivities. [1] [2] [3] Photoclick chemistries that utilize light to trigger or initiate reactions (e.g., azide-alkyne, 4 thiol−ene, 5 and tetrazole-alkene 6 ) are of particular interest for the formation or modification of biomaterials. Rapid rates under mild conditions and control of when and where they take place with light make these reactions well-suited for user-directed control of biomaterial properties in the presence of cells. 7, 8 In particular, thiol−ene photoclick chemistries have been used to generate hydrogel-based biomaterials with robust mechanical properties 5, 9 and for the encapsulation of a wide variety of cell types, including, but not limited to, human mesenchymal stem cells (hMSCs), fibroblasts, chondrocytes, and pancreatic cells, with promise for cell culture and delivery. 10, 11 Further, these chemistries have been used for the spatial patterning of biochemical cues to mimic key aspects of native cell microenvironments and facilitate appropriate cell-matrix interactions, including adhesion, differentiation, and invasion. 3, 12 For the construction of thiol−ene hydrogels with light, peptides containing cysteines (thiol) commonly are reacted with polymers functionalized with acrylates or norbornenes ('ene') for rapid, photoinitiated polymerization under cytocompatible conditions. 13 Expanding this toolbox, we sought to establish methods for hydrogel formation with new versatile and accessible building blocks that required minimal synthetic processing or were commercially available toward their broad use as synthetic extracellular matrices. 14 Specifically, peptides were modified with 3. Use a spreadsheet to calculate the volume and concentration of each stock solution (PEG4SH, Pep1Alloc, Pep2Alloc, LAP) that must be prepared to make hydrogels ( Table 1) . To make non-patterned gels, ensure that [SH] = [Alloc] so that all reactive groups are consumed during polymerization. If photopatterning of gels is planned, include an excess amount of thiol functional groups during gel formation based on stoichiometry (e.g., 0.2-5 mM, [SH] >[Alloc]) for later reaction with Pep1Alloc. NOTE: Gels should contain greater than 5 weight percent (wt%) PEG4SH to ensure rapid polymerization (within 5 min). However, lower wt % ranges may be explored if the application calls for hydrogels with lower moduli (e.g., <0.5 kPa); polymerization should be checked and adjusted accordingly for these low wt% compositions. Similarly, Pep1Alloc concentration may be adjusted for different applications (e.g., 0.2-5 mM) as reported in literature for thiol-functionalized peptides. [18] [19] [20] [21] LAP concentration is recommended around 0.067 wt% (2.2 mM) or less, as described, as higher concentrations can decrease cell viability. 4. Prepare stock solutions of Pep1Alloc, Pep2Alloc, PEG4SH, and LAP under sterile conditions for cell culture based on calculations in Table 1. 1. For Pep1Alloc and Pep2Alloc, individually weigh the total mass of Pep1Alloc and Pep2Alloc from the peptide synthesis and dissolve in sterile phosphate buffered saline (PBS) containing 1% penicillin/streptomycin (PS) and 0.5 µg/ml fungizone (FZ). Typical concentrations of prepared stock solutions range from 20-100 mg/ml of peptide. Mix these stocks to achieve gels with final moduli relevant for soft tissue applications (Young's modulus ~ 0.5-5 kPa). 22, 23 Aliquot and store at -20 °C until use.
2. For PEG4SH, weigh PEG4SH into a sterile microcentrifuge tube and dissolve in PBS+PS+FZ. Typical concentrations of this stock solution range from 250-430 mg/ml (20-30% PEG4SH by weight). 3. For LAP, weigh LAP into a sterile microcentrifuge tube and dissolve in PBS+PS+FZ to a final concentration of 7.5 mg/ml. NOTE: Preparing fresh solutions of PEG4SH and LAP is recommended for every encapsulation or gel experiment to ensure consistent polymerization times.
6. Prepare Sterile Glass Slide Molds for Forming Hydrogels. 1. Soak glass slides (multiples of 2) and rubber gaskets (0.254 mm thick; 2 small pieces used as shims, a rectangle with discs punched out, or square frame shape) in 70% ethanol for 15 min, and place in sterile cell culture hood to dry. 2. Coat half of the sterilized slides with anti-adhesive coating per manufacturer's directions to prevent adhesion of the top of the gel to the slide surface (e.g., if there are 4 slides, 2 slides will be coated with anti-adhesive). These will serve as the top of the glass slide mold.
7. Calibrate the lamp for syringe or glass slide molds. NOTE: For these experiments, a mercury arc lamp with an external filter adaptor assembly and 365 nm external filter was used. Other lamps that produce appropriate intensities of long wavelength UV light may be used as reported by others. [24] [25] [26] [27] 1. Attach a collimating lens to the end of the liquid-filled light guide to ensure relatively even light intensity across all samples. As needed, adjust the distance of the light guide from the sample(s) to achieve a spot size that will cover samples of interest. 2. Place a cut syringe mold in a microcentrifuge tube holder (to hold syringe mold in vertical position). Hold the radiometer at the height of the syringe tip where the samples will be held and adjust shutter (% open) to achieve a light intensity of 10 mW/cm 2 at 365 nm. Record the adjusted settings for later use. 3. Place a glass slide mold onto the top of a sterile surface (e.g., the top of a pipette tip box within a biosafety cabinet). Hold the radiometer detector at the height of the glass slide mold and adjust shutter (% open) to achieve a light intensity of 10 mW/cm 2 at 365 nm. Record the adjusted settings for later use.
Hydrogel Formation and Photopatterning
1. Preparation of Non-patterned Hydrogels. NOTE: At this point in the protocol, if hydrogels are to be used in cell culture applications, all subsequent steps should be performed under sterile conditions in a sterile cabinet or hood.
1. Mix stock solutions of PEG4SH, Pep2Alloc, Pep1Alloc, LAP, and PBS+PS+FZ according to the spreadsheet calculation (see Table 1 example). Pipette the resulting gel precursor solution vigorously to ensure even mixing of the solution. slide. Pipette 5-10 µl gel precursor solution (single or multiple 5-10 µl gels may be made by pipetting one or more dots of solution onto a single slide) onto the non-coated glass slide and place the glass slide coated with anti-adhesive on top of the gel solution (larger gels, up to the size of the glass slide, may be made depending on the final application). Secure the glass slides with small binder clips to stabilize. 4. Place molds under the lamp and set the lamp intensity (e.g., % shutter open) to achieve 10 mW/cm 2 at the gel surface for syringe tip molds or glass slide molds based on measurements in step 1.7.2 and 1.7.3, respectively. 5. Apply light for 1 to 5 min to allow complete polymerization of gels. Use a shorter polymerization time for gels with higher PEG4SH content (8 wt% or greater, 1 min) and longer for gels with lower PEG4SH content (5-8 wt%, 3-5 min) to produce fully-polymerized hydrogels with moduli within the range of soft tissues (0.5-5 kPa). 6. Place gels from syringe tip molds into a sterile non-treated 48-well plate, and place glass slides into a sterile dish. 7. Rinse 3 x 15 min with cell culture medium or appropriate buffer (e.g., PBS+PS+FZ, Ellman's reaction buffer) based on planned experiments, as detailed below.
2. Preparation of Patterned Hydrogels. 1. Mix stock solutions of PEG4SH, Pep2Alloc, LAP, and PBS+PS+FZ according to the spreadsheet calculation, leaving free thiols (0.2-5 mM) for later reaction with Pep1Alloc. Pipette the precursor solution vigorously to ensure even mixing of the solution. 2. Prepare thick and thin hydrogels as laid out in steps 2.1.2 to 2.1.6. NOTE: Do not place gels in growth medium prior to photopatterning. Free thiols may be consumed by species in the growth medium (e.g., disulfide formation with thiol-containing proteins) and will not allow patterning of the gel without additional processing steps (e.g., reduction of disulfide bonds). 3. Prepare solutions of Pep1Alloc (final concentration ~3-20 mg/ml) and 2.2 mM LAP. 4. Cover pre-formed gels with Pep1Alloc/LAP solution and incubate for 1 hr at 37 °C. 5. Remove excess Pep1Alloc/LAP solution. If gels were molded in a syringe tip, use a spatula to carefully transfer the gels from the 48-well plate in which they are incubating to a sterile glass slide for patterning. 6. Place a photomask with the desired pattern directly on top of syringe-and glass slide-molded gels. Ensure that the printed part of the mask touches the gel for optimal pattern fidelity (i.e., mask should read right and be emulsion side down). Place samples under the lamp and irradiate for 1 min with the lamp settings used for glass slides (step 1.7.3). 7. After patterning, place syringe-molded gels into a sterile, 48-well non-tissue culture treated plate, and place glass slide-molded gels that are adhered to the glass slides into a sterile dish. 8. Rinse 3 x 15 min with cell culture medium or appropriate buffer (e.g., PBS+PS+FZ, Ellman's reaction buffer) based on planned experiments.
, then M S ≈ V S . Use this calculated V S to perform quantitative Ellman's assay. NOTE: The above method is recommended to determine V s for swollen gels as the 'thin' 5 µl gels are difficult to transfer for weighing.
2. Form thin hydrogels for patterning as described in section 2.2 (5 µl volume). Specifically, make gels with excess free thiols and 'pattern' half of these samples with Pep1Alloc using a clear coverslip to flood expose the entire gel with light (e.g., 6 total gels with excess thiol: 3 unmodified non-'patterned' and 3 'patterned'). NOTE: For this assay, 'patterned' gels are flood exposed to light without a photomask. This method is used to determine the total number of free thiols consumed in the entire gel sample and to demonstrate how efficiently free thiols may be modified with peptide. From this information, the number of free thiols consumed during patterning with a photomask may be predicted based on the gel thickness and pattern area (regions exposed to light). 3. Place 'patterned' and non-'patterned' gels in wells of a 48-well plate and rinse 3 x 15 min with Ellman's reaction buffer to allow diffusion of unreacted species out of the gel and equilibrium swelling to occur. 4. Add extra Ellman's reaction buffer to the rinsed gels so that V s with reaction buffer is a multiple of 20 µl. For example, if the predicted V S is 15 µl, add 5 µl reaction buffer (20 µl), and if the predicted V S is 30 µl, add 10 µl reaction buffer (40 µl). 5. Pipette the cysteine standards into individual wells (not containing gels) of a 96-well plate in multiples of 20 µl depending on the volume used in the previous step (i.e., if the previous step had V S + extra reaction buffer = 40 µl, add 40 µl of each standard to individual empty wells). 6. Dilute Ellman's reagent in reaction buffer (multiples of 180 µl reaction buffer + 3.6 µl Ellman's reagent; e.g., 183.6 for 20 µl or 367.2 µl for 40 µl in step 3.1.2.5). 7. Add diluted Ellman's reagent to wells containing standards and samples. For 20 µl samples, add 183.6 µl solution to each well. Double this amount of diluted Ellman's reagent for 40 µl samples (or scale accordingly based on the size of the sample). 8. Incubate or place on a shaker for 1 hr and 30 min (at room temperature) or until the color of the solution matches the color of the gels by visual inspection to ensure sufficient diffusion of the yellow 2-nitro-5-thiobenzoate dianion (TNB 2-), which is generated upon reaction of Ellman's reagent with free thiols, from the gel. 9. Take 100 µl of solution from samples and standards and place into wells of a 96-well plate. 10. Read absorbance at 405 nm on a plate reader. 11. To process the data, plot the standard curve (samples from step 3.1. patterned regions appear faintly yellow to the naked eye; for better resolution and smaller patterns, magnification (e.g., use of a microscope) is required. (Figure 3B ). 1. For visualizing patterns with higher resolution or in three-dimensions, photopattern an AF488-modified Pep1Alloc (or similar fluorescent peptide) to the gels in step 2.2. 2. Image on a fluorescent microscope. A confocal microscope may be used here to take z-stack images of the gel so that the pattern may be observed in the x-, y-, and z-planes. NOTE: With fluorescence, gels must be protected from light to ensure the stability of the AF488 fluorophore and maximum fluorescence. Gels do not need to be immediately imaged since the fluorescent peptide is fairly stable if protected from light (store in a container wrapped in foil at 4 °C).
Visualization of Photopatterns with Fluorescent Peptides

Cell Encapsulation in Hydrogels and Photopatterning
1. Collecting and Preparing Cells for Encapsulation. 1. Following standard sterile mammalian cell culture procedures, trypsinize and collect cells of interest from plates. Quench the trypsin with growth medium after detachment occurs (e.g., for a T-75 flask, 5 ml trypsin, quench with 5 ml medium, rinse plate with 5 ml medium for total 15 ml). NOTE: Trypsinization times can vary between cell types but typically occur between 5 and 15 min. Alternate cell detachment agents (e.g., Versene) may be used to collect cells if desired. 2. Count cells (a minimum of 100 or per manufacturer's protocol) from aliquots of the trypsinized cell suspension using a hemocytometer or other cell counting device while centrifuging the bulk cell suspension (90-110 x g, 5 min). Re-suspend cell pellet after centrifugation in a minimal volume of PBS or growth medium and re-count if the initial trypsinized cell suspension is too dilute. 3. Re-suspend cells in a minimal volume of PBS and aliquot portions for each gel condition into microcentrifuge tubes so that there will be 5,000 cells/µl when mixed with the gel solution (prior to polymerization). NOTE: Typical cell aliquots contain 300,000-500,000 cells and are enough to make 60-100 µl of gel/cell suspension which can be used for 3-5 x 20 µl gels with 5,000 cells/µl. Higher or lower cell densities may be used for encapsulation, depending on the amount of cellcell vs. cell-matrix contact desired, respectively, and should be determined for each application. 4. Centrifuge cell/PBS aliquots (90-110 x g, 5 min). 5. Carefully aspirate PBS from cell pellet in microcentrifuge tube right before encapsulation.
NOTE: If cells are sensitive to shear forces, the second centrifugation step may be eliminated by counting (e.g., hemocytometer) and subsequently aliquotting the trypsinized cell suspension (trypsin + media + cells) into portions needed for each gel condition. These aliquots are centrifuged once (90-110 x g, 5 min) and the trypsin + media is aspirated off, leaving a cell pellet for encapsulation.
2. Encapsulating Cells in Non-patterned Hydrogels. 1. Immediately after aspirating PBS, suspend pelleted cells in PEG4SH, Pep2Alloc, Pep1Alloc, LAP, and PBS+PS+FZ as calculated in the spreadsheet to a final concentration of 5,000 cells/µl. 2. Mold and polymerize hydrogels as described in steps 2.1.2 to 2.1.6. NOTE: When encapsulating cells in glass slide molds, care must be taken when removing the top slide post-polymerization to prevent shearing the gel, which can result in cell death. To help with removal of the gel from the mold, slide molds may be placed in sterile PBS or growth medium after polymerization to wet the gasket and hydrogel, making it easier to remove the top slide. A method to prevent this shear altogether is through the use of syringe molds.
Representative Results
The setup and procedure to photoencapsulate cells and subsequently photopattern gels containing encapsulated cells is depicted in Figure 1 , and an example for preparing stock solutions to form a 10 wt% gel is provided in Table 1 . Using Table 1 , the amount of monomers (PEG4SH, Pep2Alloc, ±Pep1Alloc) and photoinitiator (LAP) required to polymerize hydrogels is calculated. Based on these calculations, stock solutions of PEG4SH, Pep1Alloc, Pep2Alloc, and LAP are prepared and mixed with and without Pep1Alloc for forming and photopatterning gels, respectively ( Figure 1A) . Subsequently, cells are collected from plates, counted, and centrifuged in appropriate quantities for encapsulation ( Figure 1B) . The cell pellet is re-suspended in gel-forming solution (peptide/polymer/LAP in PBS), and cell/monomer mixtures are transferred to glass or syringe molds. Cells are encapsulated within the hydrogel upon application of light (1-5 minutes of 10 mW/cm 2 at 365 nm) ( Figure 1C ). For photopatterning ( Figure 1D) , gels are soaked with Pep1Alloc and LAP for 30 min to 1 hr and 30 min, allowing diffusion of peptide and initiator into the polymerized matrix. These peptide-laden gels are covered with photomasks with desired patterns and exposed to a second dose of light (1 min) to conjugate the peptides to free thiols within the matrix. Pendant tethers are only covalently linked to the gel in regions exposed to light, facilitating appropriate cell-matrix interactions and mimicking key mechanical and biochemical properties of the native cell microenvironment toward probing cell function and fate in vitro.
Ellman's assay provides a facile and inexpensive method to quantify gel modification and peptide incorporation within photopatterned substrates. Patterned and non-patterned gels (i.e., gels with or without peptide modification) are soaked in Ellman's reaction buffer post-polymerization. Next, cysteine standards and the gels soaked in buffer are placed in 48-well plates and incubated with Ellman's reagent (Figure 2A, left) . After 1 hour 30 minutes, aliquots of samples are placed in individual wells of a 96-well plate, and the absorbance is recorded at 405 nm. A calibration curve (Figure 2A , right) from the cysteine standards is plotted (absorbance vs concentration, linear fit), and the quantity of free thiols in gels may be determined based on their dilution factor. These free thiol concentrations for various polymerization and photopatterning conditions of a 10 wt % gel are shown in Figure 2B . Gels polymerized for 1 or 5 min without Pep1Alloc (blue bars, I = 1 min and II = 5 min) have statistically similar free thiol concentrations, indicating that a rapid reaction occurs and gelation is complete within 1 min (two-tailed t-test, p >0.05). Thus, additional exposure to light (2-5 minutes) does not result in further conversion of functional groups. Gels polymerized for 1 min without Pep1Alloc were soaked with Pep1Alloc (3 mg/ml) and LAP (2.2 mM) for 30 and 90 min (green bars, II = 30 min and IV = 90 min) and exposed to a second dose of light for 1 min. The decrease in free thiols (60-80% with respect to the 1 min condition) indicates efficient modification of gels with pendant cues under these conditions. If higher modification is desired, increased concentrations of Pep1Alloc solution can be used as accessibility of Pep1Alloc to free thiols in more dilute peptide solutions may limit conversion; for example, we have found that concentrations up to 20 mg/ml Pep1Alloc produce >90% conversion of free thiols.
Uniquely, patterns of peptides added to the hydrogel may be rapidly imaged with Ellman's reagent ( Figure 3A , under 5 min). However, visualization of the pattern is lost over time (greater than 5 min) owing to diffusion of the yellow TNB 2-dianion through the gel. To improve imaging resolution and observe patterns in three dimensions (x-, y-, and z-planes) and in the presence of cells, fluorescent peptide addition (AF488Pep1Alloc) may be utilized. In Figure 3B x-, y-and z-projections of image stacks taken with a confocal microscope are shown, demonstrating pattern resolution (µm scale).
Approximately (94 ± 2) % and (94 ± 1) % of hMSCs encapsulated within degradable gels (Pep2Alloc = GPQG↓WGQ) remain viable (green cell bodies) 1 and 6 days after encapsulation, respectively, with few dead cells (red nuclei) observed ( Figure 4A) . Further, hMSC spreading is observed at 6 days post-encapsulation ( Figure 4A, inset) , indicating that cells can remodel and interact with these MMP-degradable matrices modified with integrin-binding RGDS. Metabolic activity assays performed on cells encapsulated in non-degradable gels (Pep2Alloc = RGKGRK) 1 and 3 days post-encapsulation ( Figure 4B ) provide a second measure of cell viability and demonstrate that cells remain active for the various photoencapsulation and photopatterning conditions tested with Ellman's assay ( Figure 2B ). In particular, there is no significant difference in metabolic activity between 30 min and 90 min incubations with Pep1Alloc+LAP (conditions III and IV) and the initial encapsulation (conditions I and II), indicating that the procedure is appropriate for applications of photopatterning in the presence of encapsulated cells (two-tailed t-test, p > 0.05). 
Discussion
The procedure presented here demonstrates techniques to photoencapsulate cells within hydrogels formed by thiol−ene click chemistry and subsequently photopattern the gels with biochemical cues. The use of light to initially form hydrogels allows homogeneous mixing and suspension of the cells within the polymer solution prior to polymerization. Rapid polymerization 'locks' the gel in the shape of the defined mold and encapsulates suspended cells within the hydrogel network. Gels also may be molded into numerous different shapes (e.g., glass slides or syringe tips) depending on the final application desired. For example, cells encapsulated for 3D culture in hydrogels attached to glass slides are particularly useful for imaging applications as light attenuation is limited within a thin sample. Syringe molds can be used for rapid encapsulation of cells, allowing a larger number of samples to be prepared in a short time (compared to glass slides) that can be used for experiments requiring large numbers of cells such as flow cytometry or qPCR. Subsequently, these gels then may be patterned with biochemical cues to elicit desired cellular responses such as differentiation or invasion.
evaluated for the described hydrogel system using live/dead staining and metabolic activity assays. While we have not observed issues with cell viability using this materials system and related procedures (4.2 and 4.3), some cell types may be sensitive to free-radical and/or light exposure. In this case, users may consider using non-photoinitiated materials systems, such as azide-alkyne, 12 FXIII, 31 or Diels Alder-based hydrogel formation chemistries. 33 Facile techniques to detect and quantify patterning of biochemical cues within gels also are presented (3.1 and 3.2). Ellman's assay is of particular interest because the reagents are commercially available and no extra synthetic processing steps or more expensive reagents (e.g., fluorescently-labeled peptide) are required. Ellman's assay can be used to precisely determine the modification of free thiols with biochemical cues under different photopatterning conditions, as well as to rapidly visualize patterns. For quantifying peptide incorporation, the thiol functional group concentration before and after patterning, as a quantitative measure of peptide incorporation, is directly assessed with Ellman's assay. While this type of quantification can be done with fluorescently-labeled peptides, 34 imaging-based quantification requires more time-consuming handling and analysis steps (e.g., synthesis of a fluorescently-labeled peptide and generation of a calibration curve to relate fluorescence to peptide concentration using image analysis). For imaging peptide incorporation, Ellman's reagent can be directly applied to samples and immediately visualized. While limited to the x-and y-planes for pattern visualization, the technique can be used as a simple, routine method to determine if matrices containing free thiol groups have been patterned. It is important to note that Ellman's assay is not considered cytocompatible, so while it may be used to observe and quantify photopatterns, it cannot be done in the presence of cells. For imaging patterning in three dimensions and in the presence of cells, the conjugation of fluorescent peptides within hydrogel matrices remains a powerful and widelyused approach. Resolution of patterns can be evaluated in the x-, y-, and z-planes using confocal microscopy, and this method is cytocompatible so that cells within patterned regions or non-patterned regions can be identified. Taken together, Ellman's assay and imaging-based techniques are complementary tools for researchers to assess both quantitatively and qualitatively the photopatterning of biochemical cues within the materials system.
Photoclick, or more broadly photoinitiated, chemistries for the formation and modification of hydrogels in the presence of cells are numerous. The molding, encapsulation, and patterning techniques presented here are not limited to the described material system and may be applied to alternative light-based chemistries, such as thiol-alkyne, 35 azide-alkyne, 4 and other thiol−ene chemistries (e.g., thiol-norbornene), 10, 13 as well as with different photoinitiators, such as Irgacure 2959, Eosin Y, and camphorquinone. Note, users may need to adjust procedure parameters (e.g., incubation times, polymerization times, cell density) to ensure that conditions remain cytocompatible for these other systems. Since the patterning process requires diffusion of the alloc-modified peptide(s) into the hydrogel (2.2.3-2.2.5), this process may prove most useful for the addition of integrin-binding moieties (e.g., peptides or extracellular matrix protein fragments) to the hydrogel, where attachment of the ligand to the network is required for the generation of traction forces by the cell and full integrin activation. 36 Note, for biomolecules that may be similarly active in solution or upon immobilization (e.g., growth factors or cytokines), the incubation step for moiety diffusion (~1 hr) into the hydrogel could lead to signaling events that convolute patterning results. Other methods have been established for growth factor immobilization or local sequestration for their patterning. [37] [38] [39] Additionally, pattern resolution is dictated by the control over light exposure. Here, photomasks allow creation of patterns through the gel depth and in the x-and y-planes; however, greater spatial control over patterning of biochemical cues within gels can be achieved with alternative methods of irradiation such as the use of a two-photon confocal microscope to generate patterns in the x-, y-, and z-planes. 34, 40 Finally, it is important to note that while the material system utilized within this procedure is only initially modified with biochemical cues, orthogonal photoclick chemistries could be used to allow alterations in matrix properties over time. 12 The procedure and techniques presented here add diversity to the current approaches for creating synthetic matrices with well-defined and spatiotemporallycontrolled properties. In particular, the commercial availability of reagents and materials used within this procedure will be useful to a wide range of researchers interested in the use of hydrogel-based biomaterials for applications in controlled cell culture.
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